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METHOD FOR PHOTOLITHOGRAPHY USING 
MULTIPLE ILLUMINATIONS AND A SINGLE 

FINE FEATURE MASK 

PRIORITY INFORMATION 

[0001] The present patent application claims priority 
under 35 U.S.C. §119 from US. Provisional Patent Appli 
cation Serial No. 60/383,972 ?led on May 29, 2002. The 
entire contents of US. Provisional Patent Application Serial 
No. 60/383,972 ?led on May 29, 2002 are hereby incorpo 
rated by reference. 

GOVERNMENT RIGHTS NOTICE 

[0002] The present invention Was made With government 
support under Grant (Contract) Number, F19628-00-C 
0002, aWarded by the United States Air Force. The Gov 
ernment has certain rights to this invention. 

FIELD OF THE PRESENT INVENTION 

[0003] The present invention is directed to the photolitho 
graphic fabrication of ?ne features on using a ?ne feature 
mask. More particularly, the present invention is directed to 
a process and methodology of photolithographically fabri 
cating ?ne features using multiple illuminations of a same 
feature mask 

BACKGROUND OF THE PRESENT 
INVENTION 

[0004] In the semiconductor industry, there is a continuing 
effort to increase device density by scaling device siZe. The 
Workhorse patterning technology over the past several 
decades has been optical lithography due to its high through 
put and mature infrastructure. Conventional scaling of opti 
cal lithography is groWing increasingly difficult as feature 
siZes continue to drop further beloW the available exposure 
Wavelengths ushering in an era of “subWavelength” lithog 
raphy. This situation is not likely to change in the future as 
commercially required feature siZes are shrinking much 
faster that the Wavelengths of neW exposure tools. 

[0005] Sub-Wavelength lithography has been enabled by 
the semiconductor industry by the introduction of a variety 
of optical resolution enhancement techniques (RETs) 
including optical proximity correction (OPC), off-axis illu 
mination (OAI) and phase shift masks (PSMs). Phase shift 
mask methods offer the greatest resolution enhancement 
potential. Although increasing resolution, these RET meth 
ods can substantially increase mask costs Which are dif?cult 
to amortiZe over moderate to loW volume Wafer production 
runs. 

[0006] It is the purpose of this invention to offer a novel 
method of producing dense contact features. This method 
Will alloW the cost amortiZation of expensive RET photo 
masks over moderate to loW production volumes. This 
method Will also enhance resolution and increase the process 
latitude of fabricating dense contact patterns that are 
amoung the most difficult levels to pattern in the semicon 
ductor industry. 

[0007] In order to form small-dimensioned features, a 
variety of phase-shifting techniques have been proposed. In 
some of these methods, features are de?ned by forming open 
regions in an opaque layer on a mask or reticle (referred to 
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generally as “mas ” herein). The open regions transmit 
substantially all radiation incident thereon. Near or sur 
rounding these open regions are phase-shifters that also 
transmit some or all of the radiation incident thereon, but 
Which shift the phase of the radiation approximately 180° 
relative to the openings forming the features. In this Way, the 
radiation from the phase shifter destructively interferes With 
the radiation from the ?eld regions, providing enhanced 
contrast at the feature’s edge. 

[0008] In this process, a mask, or “reticle,” includes a 
semiconductor circuit layout pattern typically formed of 
opaque chrome, on a transparent glass (typically SiO2) 
substrate. A stepper, Which includes a light source and 
optics/lenses, projects light coming through the reticle to 
image the circuit pattern, typically With a 4x to 5x reduction 
factor, on a photo-resist ?lm formed on a silicon Wafer. The 
term chrome refers to an opaque masking material that is 
typically but not alWays comprised of chrome. The trans 
mission of the opaque material may also vary such as in the 
case of an attenuating phase shift mask. It is further noted 
that the relative phase of the transmitted light may vary, as 
in the case of a phase shift mask. 

[0009] FIG. 1 is an example of a conventional optical 
projection lithography apparatus. As illustrated in FIG. 1, 
the optical projection lithography apparatus includes a light 
source 20, a photomask 22, and reduction optics 24. AWafer 
26, having a layer of photo-resist 28 thereon, is placed 
Within the optical projection lithography apparatus, and the 
light-source 20 generates a beam of light 21 that is incident 
upon the photomask 22. The reduction optics 24 reduces the 
light beam to cause a pattern 30 that exposes the photo-resist 
layer 28, creating the pattern 30 of reacted material in the 
resist layer 28. In this manner, a pattern 32, provided on the 
mask 22, is transferred to the photo-resist layer 28 on the 
Wafer 26. 

[0010] The photo-resist pattern 30 is then transferred to 
the underlying Wafer 26 through standard etching processes 
using standard semiconductor fabrication techniques. Both 
positive and negative tone resists can be used to produce 
either positive or negative images of the mask pattern on the 
Wafer. 

[0011] FIG. 2 is a further example of a conventional 
photolithography methodology. As illustrated in FIG. 2, a 
mask 100 comprises a ?rst region 101, Which may be 
referred to as the 0° phase and a second region 102 Which 
may be referred to as the 180° phase. As shoWn, the second 
region 102 is adjacent to the ?rst region 101 along interface 
105. Intensity curve 110 shoWs the intensity of radiation at 
the image plane, I, as a fraction of the intensity incident on 
the mask 100, I0. 

[0012] As shoWn, the intensity 111 underneath region 101 
aWay from the interface 105 is nearly equal to the intensity 
incident on region 101. Similarly, the intensity 112 under 
neath section 102 aWay from interface 105 is nearly equal to 
the intensity incident on region 102. HoWever, underneath 
the interface 105 there is a sharp drop 115 in the intensity at 
the image plane due to the destructive interference betWeen 
the radiation transmitted through regions 101 and 102. 

[0013] The exposure conditions can be adjusted such that 
the portion of the photosensitive layer underneath interface 
105 is substantially unexposed, While portions of the pho 
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tosensitive layer under regions 101 and 102 away from 
interface 105 are substantially exposed. In the case of a 
positive photoresist layer, after exposure and development, 
a thin line of photoresist Will remain in the region under 
neath interface 105, While the remainder of the photoresist 
layer Will be removed. 

[0014] In the case of a negative photoresist layer, after 
exposure and development, the unexposed region under 
neath interface 105 Will be removed While photoresist under 
the remainder of the photosensitive layer Will be hardened, 
and Will remain after development. Thus, this conventional 
methodology method may be used to form a narroW line in 
a positive photoresist layer or a narroW opening in a negative 
photoresist layer. 
[0015] In one conventional method, as described in US. 
Pat. No. 5,635,316 and US. Pat. No. 5,766,829, a photo 
sensitive layer is exposed to a ?rst reticle having a pattern of 
parallel lines de?ned by alternating phase regions to form a 
?rst set of parallel features. Then, the photosensitive layer is 
exposed to a second reticle having a pattern of parallel lines 
de?ned by alternating phase regions to form a ?rst set of 
parallel features Which are arranged substantially orthogonal 
to those features formed by the ?rst reticle. 

[0016] As a result of these tWo exposures, a small dimen 
sion latent image is formed at every intersection of the ?rst 
and second sets of features. Finally, a third exposure is 
performed using a standard trim or contact mask to expose 
those latent images Where no contacts are desired. This 
method can also form contact hole or pillar features depend 
ing on the resist tone used (positive for pillars, negative for 
contact holes). 

[0017] A schematic example of simulated results of a 
single exposure conventional photolithographic process is 
further illustrated in FIGS. 3 and 4. In this simulation, a 
dense array of contact holes features is the desired result. 
FIG. 3 illustrates an example of a mask, (chromeless phase 
shift mask) having 180° phase region(s) 210 and a plurality 
of 0° phase regions 200, that can be used to exposed a 
substrate to realiZe a dense array of contact hole features. 
This mask, in this example, has a constant feature pitch of 
250 nm. 

[0018] The imaging performance of the mask of FIG. 3 
Was simulated for a typical conventional lithography process 
With a 248 nm stepper Wavelength, an NA (numerical 
aperture) of 0.6, and annular illumination With partial coher 
ence oI=0.6,oO=0.8, Wherein a dense contact grid is sub 
jected to a single exposure. The resulting image for the 
simulation region 220 of FIG. 3 is de?ned by the schematic 
illustration of FIG. 4. As noted beloW, the Figures used to 
in this application are not necessarily to scale, and thus, as 
set forth above, it is further noted that the features illustrated 
in FIG. 3 should be set apart by a constant feature pitch. 

[0019] As illustrated in FIG. 4, the resulting image for the 
simulation region 220 is a plurality of areas 240 of high 
intensity peaking at high intensity sections 241 and a plu 
rality of areas 200 of loW intensity bottoming out at loW 
intensity sections 201. In this simulation, the peak intensity 
Was 0.58 IO and the minimum intensity Was 0.37 IO, Wherein 
I0 is the original intensity of the light incident upon the 
mask. Thus, the contrast of this exemplary conventional 
photolithographic process is 0.21 (0.58 -0.37) that is rela 
tively loW for a manufacturable process. 
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[0020] It is further noted that in any optical lithography 
technique, the resulting optical image intensity is a function 
of the proximity of features. Contrast is lost as feature pitch 
values decrease. As a result, the resulting siZe of features 
located in densely populated regions can be different than 
the siZe for those features that are isolated from the densely 
populated features. This is knoWn as the “optical proximity” 
effect. 

[0021] With respect to optical proximity effect, the critical 
dimension of features depends on feature density. Moreover, 
optical proximity effects can become more severe in sub 
Wavelength lithography. The optical proximity effects can 
result in dense lines 261 and isolated line 262 on Wafer 260 
being printed With different siZes, even if the same siZe on 
the mask, as illustrated in FIG. 10, or dense contacts 263 and 
isolated contact 264 on Wafer 260 being printed With dif 
ferent siZes, even if the same siZe on the mask, as illustrated 
in FIG. 11. Since the performance and yield of the circuit 
depends on the siZe and siZe tolerance of the gates and 
contacts, this is an undesirable result. 

[0022] Spatial frequency effects are caused by the “loW 
pass ?lter” behavior of a projection lithography lens Wherein 
high spatial frequencies do not pass through the lens. This 
results in corner rounding and line end shortening. An 
example of this effect is illustrated in FIG. 12. As illustrated 
in FIG. 12, a desired image is represented by mask 2200, but 
the actual image pattern 265 on the Wafer is shortened and 
rounded. 

[0023] To compensate for optical proximity and spatial 
frequency effects, additional features have been convention 
ally introduced on the mask that can involve both printable 
as Well as sub-resolution elements. In these methods, extra 
features such as serifs, mousebites, hammerheads, and scat 
tering bars are added to the mask features in order to correct 
for optical proximity effects and other spatial frequency 
effects. These conventional methods involve sophisticated 
algorithms With very large data siZe, as different corrections 
are required for each separation distance betWeen the fea 
tures. For this reason, conventional feature siZe correction 
(“OPC” or optical proximity correction) is a costly and 
time-consuming process. Such methods also add substantial 
mask fabrication complexity. This can loWer mask yield and 
increase mask cost. 

[0024] Notwithstanding, the conventional 
described above present various draWbacks. 

methods 

[0025] For example, in some of the conventional methods 
described above, Which use a crossed double exposure of 
tWo phase shift grating masks to make contact arrays, the 
process requires the moving in and out of tWo different 
masks or reticles of the optical path or one mask requiring 
rotation betWeen exposures to produce a tWo-dimensional 
pattern prior to the trimming process. This requirement of 
tWo different masks or one rotating mask introduces align 
ment problems into the photolithographic process that must 
be overcome. 

[0026] Furthermore, the use the tWo different masks or one 
rotating mask to produce a tWo-dimensional pattern prior to 
trimming introduces a signi?cant time delay betWeen expo 
sures so as to alloW the precise alignment the masks or 
rotated mask prior to exposure. 

[0027] In the conventional method described above, Which 
uses a phase shift mask requiring only one exposure to make 
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the dense contact array, the conventional process results in 
very loW contrast for the dense contact features. 

[0028] Lastly, the conventional methodologies, as 
described above, often utiliZe annular or other types of 
off-axis illumination that provides insufficient contrast for 
very dense contact features. 

[0029] Therefore, it is desirable to provide a photolitho 
graphic process that can produce dense tWo-dimensional 
features Without introducing alignment problems or signi? 
cant time delays in the fabrication process. Furthermore, it 
is desirable to provide a photolithographic process that 
provides enhanced contrast properties. 

[0030] Moreover, it is desirable to develop an imaging 
method that can produce dense tWo-dimensional features 
Without introducing alignment problems or signi?cant time 
delays in the fabrication process While mitigating optical 
proximity and spatial frequency effects Without adding com 
plex optical proximity correction features to the mask, While 
preserving the resolution enhancement aspects required by 
sub-Wavelength lithography. 

SUMMARY OF THE PRESENT INVENTION 

[0031] One aspect of the present invention is a method of 
forming a feature pattern on a substrate. The method exposes 
the substrate, using a mask having a pattern of features 
thereon, With illumination having a ?rst set of settings and 
exposes the substrate, using the same mask having the 
pattern of features thereon, With illumination having a 
second set of settings. 

[0032] A second aspect of the present invention is a 
method for de?ning multiple ?ne features in a resist. The 
method exposes the substrate, using a mask having a pattern 
of features thereon, With illumination having a ?rst set of 
settings; exposes the substrate, using the same mask having 
the pattern of features thereon, With illumination having a 
second set of settings; and sub-threshold exposes the sub 
strate using a gray-tone mask to locally partially expose 
different regions of the substrate, thereby alloWing for a 
range of critical dimensions to be de?ned by the feature 
de?nition exposure. 

[0033] A third aspect of the present invention is a method 
of forming a feature pattern on a substrate. The method 
exposes the substrate, using a mask having a pattern of 
features thereon, With X-dipole illumination and exposes the 
substrate, using the same mask having the pattern of features 
thereon, With Y-dipole illumination. 

[0034] Afourth aspect of the present invention is a method 
for de?ning multiple ?ne features in a resist. The method 
exposes the substrate, using a mask having a pattern of 
features thereon, With X-dipole illumination; exposes the 
substrate, using the same mask having the pattern of features 
thereon, With Y-dipole illumination; and sub-threshold 
exposes the substrate using a gray-tone mask to locally 
partially expose different regions of the substrate, thereby 
alloWing for a range of critical dimensions to be de?ned by 
the feature de?nition exposure. 

[0035] A ?fth aspect of the present invention is a method 
for photolithographically forming a Wide range of useful 
patterns. The method illuminates a same template mask 
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multiple times. Each exposure of the same template mask 
has different illumination parameters. 

[0036] A sixth aspect of the present invention is a method 
of forming a feature pattern on a substrate. The method 
exposes the substrate, using a mask having a pattern of 
features thereon, With illumination from an illuminator; adds 
a phase shifter to the illuminator; and exposes the substrate, 
using the same mask having the pattern of features thereon, 
With illumination from the illuminator having the phase 
shifter. The phase shifter enables the pattern upon substrate 
to be shifted in Cartesian space With ?ne resolution. 

[0037] Another aspect of the present invention is a method 
of forming an interdigitated pattern on a substrate. The 
method exposes the substrate, using a mask having a pattern 
of features thereon, With illumination from an illuminator; 
adds a phase shifter element to an optical path of the 
illuminator; and exposes the substrate, using the same mask 
having the pattern of features thereon, With illumination 
from the illuminator having the phase shifter element in the 
optical path thereof, the phase shifter shifting the pattern 
upon substrate in Cartesian space to produce the interdigi 
tated pattern. 

[0038] A further aspect of the present invention is a 
method of forming a feature pattern on a substrate. The 
method exposes the substrate, using a mask having a pattern 
of features thereon, With illumination from an illuminator 
having the phase shifter element in the optical path thereof, 
the phase shifter element enabling the pattern to be aligned 
upon a substrate in Cartesian space With ?ne resolution. 

[0039] Another aspect of the present invention is an illu 
minator for a lithography apparatus. The illuminator 
includes a light source and illumination parameter modify 
ing means for varying illumination parameters betWeen 
subsequent exposures of a same mask. 

[0040] A further aspect of the present invention is a 
photolithographic exposure system. The photolithographic 
exposure system included an illuminator, a projection optics 
system, and a substrate stage. The illuminator further 
includes a light source and illumination parameter modify 
ing means for varying illumination parameters betWeen 
subsequent exposures of a same mask. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0041] The present invention may take form in various 
components and arrangements of components, and in vari 
ous steps and arrangements of steps. The draWings are only 
for purposes of illustrating a preferred embodiment or 
embodiments and are not to be construed as limiting the 
present invention, Wherein: 

[0042] FIG. 1 is a schematic diagram of the lithography 
apparatus in accordance With the present invention; 

[0043] FIG. 2 is an illustration of an intensity pro?le 
obtained by phase-edge photolithography; 

[0044] FIG. 3 is an illustration of a dense array of dense 
contact hole features; 

[0045] FIG. 4 is an illustration of an aerial image of a 
contact mask With annular illumination; 

[0046] FIG. 5 is an illustration of a dense contact mask 
imaged by X-dipole illumination in accordance With the 
concepts of the present invention; 
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[0047] FIG. 6 is an illustration of a dense contact mask 
imaged by Y-dipole illumination in accordance With the 
concepts of the present invention; 

[0048] FIG. 7 is a simulation of the exposure illumination 
intensities that are experienced by a substrate or contact 
mask as a result of a double exposure summing of an 
X-dipole illumination and a Y-dipole illumination in accor 
dance With the concepts of the present invention; 

[0049] FIG. 8 is an illustration of aerial image intensities 
of the resulting image of FIG. 7 in accordance With the 
concepts of the present invention; 

[0050] FIG. 9 is a ?oWchart illustrating the exposure 
methodology of a substrate in accordance With the concepts 
of the present invention; 

[0051] FIG. 10 is an illustration of an optical proximity 
effect With respect to fabricating lines; 

[0052] FIG. 11 is an illustration of an optical proximity 
effect With respect to fabricating contact holes or pillars; 

[0053] FIG. 12 is an illustration of a spatial frequency 
effect With respect to fabricating lines; 

[0054] FIGS. 13-16 are top vieWs of various dense-feature 
mask pattern con?gurations in accordance With the present 
invention; and 

[0055] FIG. 17 is a block diagram illustrating an illumi 
nation source that varies the illumination parameters 
betWeen subsequent exposures of the same mask according 
to the concepts of the present invention. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

[0056] The present invention Will be described in connec 
tion With preferred embodiments; hoWever, it Will be under 
stood that there is no intent to limit the present invention to 
the embodiments described herein. On the contrary, the 
intent is to cover all alternatives, modi?cations, and equiva 
lents as may be included Within the spirit and scope of the 
present invention as de?ned by the appended claims. 

[0057] For a general understanding of the present inven 
tion, reference is made to the draWings. In the draWings, like 
reference numbering has been used throughout to designate 
identical or equivalent elements. It is also noted that the 
various draWings illustrating the present invention are not 
draWn to scale and that certain regions have been purposely 
draWn disproportionately so that the features and concepts of 
the present invention could be properly illustrated. 

[0058] The present invention is directed to an imaging 
approach that overcomes the limitations of the conventional 
techniques, and confers a number of advantages. It addresses 
the problems of alignment problems or signi?cant time 
delays in the fabrication process While mitigating optical 
proximity and spatial frequency effects Without adding com 
plex optical proximity correction features to the mask, While 
preserving the resolution enhancement aspects required by 
sub-Wavelength lithography. 

[0059] In the folloWing description, the phrase, “lines,” 
refers to either the trenches or the raised areas; e.g., plateaus; 
on a Wafer. Moreover, the phrase, “contacts,” refers to either 
the holes or pillars on a Wafer. The described photoresists 
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may either be a negative tone or a positive tone. The 
descriptions are applicable to either positive or negative 
imaging of the Wafer or substrate. 

[0060] With respect to spatial frequency effects and opti 
cal proximity effects, any image that is lithographically 
exposed can be thought of in Fourier space, Where compo 
nents of various spatial frequencies sum to form the com 
plete image. The lens acts as a loW-pass ?lter because it has 
a ?nite aperture. Spatial frequency effects cause corner 
rounding and line-end shortening because higher diffraction 
orders are ?ltered out, but the ?rst diffraction order typically 
passes through the lens un?ltered. Optical proximity effects 
cause the same features spatially apart from each other on a 
substrate to realiZe a siZe differential even though these 
features Were formed using the same mask. This effect is 
typically described quantitatively in terms of critical dimen 
sion versus pitch. 

[0061] Lastly, the phrase, “dense features,” refers to an 
area on the substrate having a multitude of features posi 
tioned very closely to each other. 

[0062] In the present invention, a mask is provided includ 
ing a dense repetitive structure of features that results in a 
large array of densely populated features on the ?lm or 
substrate. The pattern of dense features may be locally or 
globally periodic. The mask is designed to print dense 
features near the resolution limit of the lithography stepper 
used, thus de?ning a pattern “grid.” The ?ne features (such 
as transistor gates and contacts) are laid out on this grid. The 
alloWed feature grid locations correspond to feature loca 
tions on the dense feature mask. 

[0063] In this manner, only a single dense feature template 
is required for generating any of a number of different 
circuits and patterns. The re-usability of the template mask 
is desirable since this is often the most dif?cult and expen 
sive mask to fabricate. This is especially true if the template 
mask is a phase-shift mask. Aphase-shift mask is capable of 
imaging dense features very close to the Rayleigh limit for 
optical projection steppers. (PitchMIN=0.59/(NA)). 
[0064] As noted above, FIG. 1 is a schematic block 
diagram of a conventional optical projection lithography 
apparatus. The conventional optical projection lithography 
apparatus includes a light source 20, a photomask 22, and 
reduction optics 24. AWafer 26 having a layer of photoresist 
28 is presented to the conventional optical projection lithog 
raphy apparatus, and the light-source 20 generates a beam of 
light 21 that is incident upon the photomask 22 and reduced 
by reduction optics 24 to cause a pattern 30 to be exposed 
in the photoresist layer 28. In this manner, a pattern 32 
provided on the mask 22 is transferred to the photoresist 
layer 28 on the Wafer 26. 

[0065] As noted above, the conventional photolitho 
graphic processes introduced alignment problems and time 
delays as a result of using tWo different masks or a rotated 
mask to generate dense tWo-dimensional image features. To 
address these problems, the concepts of the present inven 
tion propose modifying the properties of the illumination 
While maintaining the mask in a stationary position over the 
substrate betWeen exposures. FIG. 9 illustrates a ?oWchart 
of this concept. 

[0066] As shoWn in FIG. 9, the ?rst step, S1, is to position 
the desired dense feature template over the substrate to be 
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exposed or imaged. After the desired dense feature template 
mask is positioned over the substrate to be exposed or 
imaged, the substrate is exposed With a ?rst set of illumi 
nation settings at step S3. 

[0067] In a preferred embodiment of the present invention, 
the substrate is exposed by X-dipole illumination at step S3. 
FIG. 5 illustrates a contact mask imaged by X-dipole 
illumination, for one set of partial coherence and mask 
parameters, in accordance With the concepts of the present 
invention. In the example illustrated by FIG. 5, the X-dipole 
illumination having a partial coherence of oI/oO=0.3/0.8 
produces an image that has a constant intensity along a Y 
position on the mask and has an intensity that periodically 
varies in value in a substantially discrete manner betWeen a 
normaliZed maximum intensity 0.75 (600) and a normaliZed 
minimum intensity of 0.26 (500) along an X position on the 
mask, resulting in a normaliZed contrast value of 0.49. 
Moreover, in the example illustrated by FIG. 5, the relevant 
mask parameters are a pattern of 250 nm pitch chromeless 
phase shift contacts, and the relevant stepper parameters are 
a 248 nm Wavelength and NA=0.6. 

[0068] It is noted that the normaliZed contrast values of the 
Figures are for illustrative purposes only and do not imply 
anything about the achievable contrast using the method 
according to the concepts of the present invention. 

[0069] The mask remains at its current position. The mask 
is not rotated, and the mask is not sWapped out so that a neW 
mask having a different orientation is positioned over the 
substrate to be exposed or imaged. 

[0070] Using the same mask (in the same orientation), at 
step S5, the substrate is exposed With a second set of 
illumination settings, the second set of illumination settings 
being different from the ?rst set of illumination settings. 

[0071] In a preferred embodiment of the present invention, 
the substrate is exposed by Y-dipole illumination at step S5. 
FIG. 6 illustrates a contact mask imaged by Y-dipole illu 
mination, for one set of partial coherence and mask param 
eters in accordance With the concepts of the present inven 
tion. As shoWn in FIG. 6, the Y-dipole illumination having 
a partial coherence of oI/oO=0.3/0.8 produces an image that 
has a constant intensity along an X position on the mask and 
has an intensity that periodically varies in value in a sub 
stantially discrete manner betWeen a normaliZed maximum 
intensity 0.75 (600) and a normaliZed minimum intensity of 
0.26 (500) along a Y position on the mask, resulting in a 
normaliZed contrast value of 0.49. Moreover, in the example 
illustrated by FIG. 6, the relevant mask parameters are a 
pattern of 250 nm pitch chromeless phase shift contacts, and 
the relevant stepper parameters are a 248 nm Wavelength 
and NA=0.6. 

[0072] Upon completion of step S5, the substrate has 
imaged thereon a pattern of dense tWo-dimensional features, 
such as potential contacts. FIG. 7 illustrates a simulation 
420 of the exposure illumination intensities that are expe 
rienced by a substrate or contact mask as a result of a double 
exposure of an X-dipole illumination having a partial coher 
ence of oI/oO=0.3/0.8 and a Y-dipole illumination having a 
partial coherence of oI/oO=0.3/0.8, in accordance With the 
concepts of the present invention. Moreover, in the example 
illustrated by FIG. 7, the relevant mask parameters are a 
pattern of 250 nm pitch chromeless phase shift contacts, and 
the relevant stepper parameters are a 248 nm Wavelength 
and NA=0.6. 
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[0073] As shoWn in FIG. 7, the double exposure of an 
X-dipole illumination and a Y-dipole illumination produces 
a dense pattern of illumination intensity areas (440 and 400) 
that tWo-dimensionally periodically varies in value in a 
substantially discrete manner betWeen a normaliZed maxi 
mum intensity of 0.75 (401) and a normaliZed minimum 
intensity of 0.26 (441). 

[0074] FIG. 8 illustrates another perspective of the results 
of the double exposure of an X-dipole illumination and a 
Y-dipole illumination in accordance With the concepts of the 
present invention. More speci?cally, FIG. 8 illustrates 
image intensities normaliZed along a X-direction (430 of 
FIG. 7). As can be seen from this graphical illustration, the 
double exposure of an X-dipole illumination and a Y-dipole 
illumination in accordance With the concepts of the present 
invention produces a varying intensity pattern having a pitch 
of about 250 nm. This enables the present invention to 
produce dense feature patterns, such as contacts, using a 
single dense feature mask, Which is not moved or rotated 
betWeen exposures; only the illumination settings are 
changed betWeen exposures. 

[0075] The imaged pattern can, optionally, be modi?ed to 
remove any unWanted features. In such a situation, a trim 
mask can then be positioned over the substrate to be exposed 
or imaged at step S7. Thereafter, the trim mask and substrate 
are exposed at step S9 to remove any unWanted features. 

[0076] In the example set forth above, the different illu 
minations correspond to a X-dipole illumination and a 
Y-dipole illumination; however, these differences in the 
illuminations are not restricted to dipole illumination differ 
ences. More speci?cally, examples of various differences in 
illumination are, but are not limited to, illuminator aperture 
design, illumination Wavefront magnitude, illumination 
Wavefront phase, illumination Wavefront partial coherence, 
illumination Wavelength, and/or illumination polariZation. 

[0077] In a preferred embodiment of the present invention, 
the dense-feature mask 22 is a phase-shift mask comprising 
a pattern of periodic features. The phase-shift mask 22 may 
be formed of, for example, fused SiO2. Periodic trenches can 
be are formed in the mask 22 to provide an interference 
pattern upon illumination that results in the desired photo 
resist pattern on the Wafer or substrate. The present inven 
tion is also applicable to other types of phase-shift masks 
such as alternating aperture (AAPSM) or attenuating phase 
shifters (APSM). 

[0078] An attenuating phase shift mask (APSM) is a phase 
shift mask in Which there are multiple regions. A set of 
regions is included for Which there is a relative phase shift 
of Zero degrees and a transmissivity betWeen Zero and one. 
Other sets of regions have a phase shift typically of about 
180 degrees and a transmissivity betWeen Zero and one. In 
some applications, attenuating phase shift masks With phase 
shifts betWeen Zero and 1180 degrees may be used. 

[0079] Moreover, the present invention can be utiliZed 
With a variety of masks such as illustrated in FIGS. 13-16. 
With reference to FIGS. 13-16, the line features 23A, 23B, 
and 23C can be formed in a variety of con?gurations. In the 
con?guration of FIG. 13, horiZontal line features 23A are 
formed parallel to each other in the X-direction, While in 
FIG. 14, vertical line features 23B are formed parallel to 
each other in the Y-direction. The mask shoWn in FIG. 15 
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includes features formed in a horizontal orientation 23A in 
a ?rst region of the mask 22 and features formed in a vertical 
orientation 23B in a second region of the mask 22. 

[0080] Note, hoWever, that in alternative embodiments, 
the features may be formed in other patterns, including 
locally regular patterns. For example, in the mask of FIG. 
16, a unique feature pattern 23C is employed. Other such 
unique combinations of patterns are applicable to the present 
invention. 

[0081] Moreover, if a standard dense feature mask is used 
to generate the dense features pattern With a given critical 
dimension, the present invention is immune to optical prox 
imity effects. More speci?cally, assuming the original dense 
feature mask has a more complex pattern, such as the 
“L”-shaped pattern 23C of FIG. 16, as these features 
become small, sharp features, such as corners and line-ends 
tend to become distorted. For this reason, various forms of 
simple optical proximity correction or spatial frequency 
correction features may be con?gured directly into the dense 
feature mask template in order to pre-distort the template 
pattern. For example, Well-knoWn techniques such as ham 
mer-heads, serifs, and mouse bites may be added to the 
corner features so that the exposed ?nal feature resembles 
the desired feature. By incorporating the optical proximity 
correction and/or spatial frequency correction directly in the 
dense feature mask, the standard features are automatically 
corrected on the dense feature mask rather than on the 
design-speci?c trim mask and interconnect mask, thereby 
providing an economically efficient solution to the optical 
proximity correction issue. 

[0082] As contemplated by the present invention, it is 
noted that by combining the concepts of the present inven 
tion With conventional optical proximity and spatial fre 
quency correction techniques, economical solutions to many 
lithography problems may be devised. For example, one 
potential economic bene?t of the present invention is the 
decreased nonrecurring cost of the mask. In other Words, the 
present invention provides the advantage in mask cost 
amortiZation. 

[0083] Furthermore, the present invention can also be 
utiliZed With a dense feature mask having sub-resolution 
gratings. In this embodiment, printable features of the dense 
feature mask, When double exposed using dipole illumina 
tion, result in ?ne features formed on the Wafer, While the 
sub-resolution features of the phase-shift mask result in solid 
patterns on the Wafer. Through the use of a trim mask, these 
solid patterns can be trimmed appropriately so as to form 
interconnects betWeen the trimmed ?ne features. 

[0084] Also, the present invention can produce dense 
one-dimensional arrays, useful for generating device gate 
patterns, by utiliZing a single dense tWo-dimensional ?ne 
feature array and a single dipole illumination. 

[0085] An alternative embodiment of the present inven 
tion may use either a grating mask or a general mask, Which 
is exposed With various illuminator settings to selectively 
create either a negation or modulation of features occurring 
in frequency space. For a grating mask example, this alloWs 
the resulting grating pattern to be controllably shifted in 
Cartesian space With good position precision With respect to 
the substrate origin. This is a useful capability When decom 
posing a pattern into multiple exposures. 
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[0086] More speci?cally, as an example of this alternative 
embodiment of the present invention, a phase shifter can be 
added to one of the elements of the illuminator or added to 
the optical path of the illuminator. The addition of the phase 
shifter enables the pattern to be shifted in Cartesian space 
With ?ne precision. This is particularly important in appli 
cations directed to the ?ne or precise alignment of the 
exposure pattern. The alignment can be controlled Without 
physically moving the mask or Wafer, thereby enabling a 
?ner resolution of positioning of the pattern upon the 
substrate being exposed. Interdigitated patterns can also be 
formed by using custom illumination (With phase shifter) to 
shift the pattern betWeen 1St and 2nd exposures. 

[0087] More speci?cally, in this alternative embodiment, 
the addition of the phase shifter in the illuminator in com 
bination With a single exposure provides a controlled shift of 
image, Which is useful for precise alignment. On the other 
hand, the addition of the phase shifter in the illuminator in 
combination With a double exposure provides a controlled 
image shift that can produce interdigitated patterns to 
increase printable pattern density. Thus, the addition of the 
phase shifter, in this embodiment of the present invention, 
provides tWo bene?ts, precise alignment or increased print 
able pattern density, depending upon the exposure environ 
ment. 

[0088] FIG. 17 is a schematic block diagram of the optical 
projection lithography apparatus according to the concepts 
of the present invention described above With respect to 
varying the illumination parameters betWeen exposures of 
the same mask. The optical projection lithography apparatus 
of FIG. 17, according to the concepts of the present inven 
tion, includes an illuminator 700 having a light source 720 
and an illumination parameter-modifying element 723. The 
optical projection lithography apparatus of FIG. 17 further 
includes a photomask 722 and reduction optics 724. AWafer 
726 having a layer of photoresist 728 is presented to the 
optical projection lithography apparatus via a conventional 
substrate stage (not shoWn). The illuminator 700, using 
light-source 720 and illumination parameter-modifying ele 
ment 723, generates a beam of light 721 that is operated 
upon the photomask 722 and reduction optics 724 to cause 
a pattern 730 to be exposed in the photoresist layer 728. In 
this manner, a pattern 732 provided on the mask 722 is 
transferred to the photoresist layer 728 on the Wafer 726. 

[0089] The illumination parameter-modifying element 
723 provides the capability of changing the illumination 
parameters of the beam of light 721 coming from the 
illuminator 700 betWeen exposures. It is noted that the 
illumination parameter-modifying element 723 may be a 
conventional optical element that enables the varying of the 
illuminator aperture parameters. Moreover, the illumination 
parameter-modifying element 723 may be a conventional 
optical element that provides the capability of differentiation 
in illumination Wavefront magnitude, illumination Wave 
front phase, illumination Wavefront partial coherence, illu 
mination (shape or intensity), and/or illumination polariZa 
tion. Lastly, the illumination parameter-modifying element 
723 may be a phase shifting element so as to shift the created 
pattern in Cartesian space. 

[0090] Moreover, the illumination parameter-modifying 
element 723 may include orthogonal dipole apertures or an 
illuminator-shaping element With a spatially varying phase. 










